Both animal studies and studies using deep brain stimulation in humans have demonstrated the involvement of the subthalamic nucleus (STN) in motivational and emotional processes; however, participation of this nucleus in processing human emotion has not been investigated directly at the single-neuron level. We analyzed the relationship between the neuronal firing from intraoperative microrecordings from the STN during affective picture presentation in patients with Parkinson's disease (PD) and the affective ratings of emotional valence and arousal performed subsequently. We observed that 17% of neurons responded to emotional valence and arousal of visual stimuli according to individual ratings. The activity of some neurons was related to emotional valence, whereas different neurons responded to arousal. In addition, 14% of neurons responded to visual stimuli. Our results suggest the existence of neurons involved in processing or transmission of visual and emotional information in the human STN, and provide evidence of separate processing of the affective dimensions of valence and arousal at the level of single neurons as well.
Both animal studies and studies using deep brain stimulation in humans have demonstrated the involvement of the subthalamic nucleus (STN) in motivational and emotional processes; however, participation of this nucleus in processing human emotion has not been investigated directly at the single-neuron level. We analyzed the relationship between the neuronal firing from intraoperative microrecordings from the STN during affective picture presentation in patients with Parkinson's disease (PD) and the affective ratings of emotional valence and arousal performed subsequently. We observed that 17% of neurons responded to emotional valence and arousal of visual stimuli according to individual ratings. The activity of some neurons was related to emotional valence, whereas different neurons responded to arousal. In addition, 14% of neurons responded to visual stimuli. Our results suggest the existence of neurons involved in processing or transmission of visual and emotional information in the human STN, and provide evidence of separate processing of the affective dimensions of valence and arousal at the level of single neurons as well.
emotion | basal ganglia | subthalamic nucleus | single neuron | arousal A t one time, the subthalamic nucleus (STN), which is an important target for deep brain stimulation (DBS) in the treatment of motor symptoms in Parkinson's disease (PD), was considered an important regulator of motor function (1, 2); however, the occurrence of postoperative neuropsychiatric complications has expanded interest in the nonmotor function of the STN (3, 4) . Animal and human studies have already demonstrated the additional functional role of the STN in emotional and motivational processes (5) (6) (7) (8) (9) (10) (11) (12) . In addition, recent functional MRI studies found STN activation in response to emotional stimuli in healthy subjects (13, 14) . Therefore, we hypothesized that emotional activity-related neurons should exist in the STN. Participation of the STN in processing emotion has not yet been investigated directly at the single-neuron level in humans. Nonetheless, single-neuron activity related to a priori defined emotional categories (e.g., positive vs. negative) has been detected in a few human brain regions, including the hippocampus, amygdala, and prefrontal and subcallosal cortex (15) (16) (17) (18) .
It has been proposed that emotional behavior is organized along two psychophysiological dimensions: emotional valence, varying from unpleasant to pleasant, and arousal, varying from low to high (19) . The individual assessment of these dimensions is closely correlated with somatic and autonomic measures of emotions (20, 21) . Contrary to a priori categories, they can better reflect emotional characteristics of the stimulus in an individual context, and they take into account interindividual differences based on specific behavioral determinants, such as affective disposition and personality traits (22) .
In this study, we aimed to detect single-neuron firing pattern changes in the STN that are related to emotional arousal and valence from the individual ratings of emotionally charged and neutral pictures presented to PD patients undergoing DBS electrode implantation. It has been shown that different features of tasks are linked to neuronal activity in different frequency bands. Whereas beta band oscillations (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) restricted to the dorsolateral (sensorimotor) part of the STN are linked mainly to motor functions and their alteration in PD (23) (24) (25) , the gamma band oscillations (30-100 Hz) perhaps have a more general meaning. Along with motor functions, they are modulated by picture perception and early emotional arousal (26, 27) . Because we were interested in the affective content of visual processing, we focused on the alpha oscillations (8-12 Hz), because they repeatedly showed emotion-related behavior in local field potential (LFP) recordings (7, 28, 29) . We used the power spectra bands, which are well known in descriptions of continuous LFP and EEG signals that we adopted for analysis of the discrete single-neuron signal from the STN during the task with affective picture presentation.
In this study, we compared the individual alpha firing activity of single neurons with specific affective experiences expressed in subjective ratings of the emotional valence and arousal of each presented picture, and then mapped these neurons into the STN model (30) . A neuron was classified as affective if its historyadjusted (and category-adjusted) activity in the alpha band correlated with these ratings.
Studies of spatiotemporal dynamics of emotions (affective picture or facial emotion processing) have observed early and late changes that have been attributed to different stages of emotional processing
Significance
The involvement of the subthalamic nucleus (STN) in affective processing has been suggested with the appearance of neuropsychiatric side effects of deep brain stimulation in Parkinson's disease (PD), but direct evidence has been lacking. In our study, we recorded single-neuron activity from the STN during affective picture presentation to PD patients intraoperatively. We discovered two spatially distinct populations of "affective" neurons responding to the emotional dimensions of the stimuli: valence (pleasantness-unpleasantness) and arousal (intensity). As previously believed, neural circuits underlying these two affective dimensions are functionally segregated. Here we observed separated emotional processing even at the single neuron level. These results extend our knowledge regarding the emotional role of the STN and the neural basis of emotions. (31) (32) (33) . Therefore, for our analysis, we arbitrarily split the picture observation period of 2 s into two time windows. Within the early window (0-500 ms), which may contain early emotional images confounded more by perceptual and attentional processes (31, (33) (34) (35) (36) (37) , we searched for activity related to the affective picture presentation in contrast to the black screen periods preceding each picture. For emotional activity, we searched in the late window, starting at 500 ms after the visual stimulus onset, because this can be better related to emotional processing after the conceptual knowledge of the presented emotion (represented here in individual ratings of the emotional valence and arousal) is built (32) .
Results
We recorded single-neuron activity in the STN from 13 PD patients intraoperatively performing an affective task consisting of a presentation with pleasant, unpleasant, and neutral pictures displayed for 2,000 ms, preceded by a black screen with a white fixating cross presented for 3,500-5,500 ms. We acquired 97 microelectrode recordings obtained from 47 sites in the STN, in which a total of 125 neurons were detected. The activity of 35 neurons was related to eye movements, and these neurons were excluded from further analysis. The remaining 90 neurons (71 in the left hemisphere) were searched for early perceptual and emotional characteristics. Normative and postoperatively recorded individual valence and arousal ratings for each picture category are presented in Table 1 .
The alpha band activity of 15 of 90 neurons (17%) during the late period of picture presentation epochs (500-2,000 ms after stimulus onset) was related to the emotional content of the presented pictures expressed in individual valence or arousal ratings (P < 0.05, uncorrected). The activity of six neurons (7%) correlated with the valence ratings (four neurons negatively, two neurons positively; Fig. 1 ). The activity of other nine neurons (10%) correlated with the arousal ratings (seven neurons positively, two neurons negatively; Fig. 2 ). Ten of these neurons were located in the left STN, and the other five were located in the right STN, with no interhemispheric differences (χ 2 = 0.854; df = 1; P = 0.36). These 15 emotion-related neurons were more than was expected by chance (test in binomial distribution with a false-positive rate of 0.1; P < 0.05). Fig. S1 shows how alpha band activity was derived in one selected neuron associated with the arousal rating.
In addition, 13 neurons (14%) demonstrated significantly altered alpha band activity between the black screen (2,000-ms duration) and the early picture presentation (window 0-500 ms after stimulus onset) (P < 0.05). Only one neuron exhibited altered alpha band activity in both the early and late time windows.
The locations of the neurons sensitive to emotional content are depicted in Fig. 3 . The valence-related neurons in the STN were located more posteriorly compared with the arousal-related neurons (P < 0.05, permutation test). The anterior-posterior difference in the mean position of the neuronal populations was 1.9 mm.
In post hoc analyses, we searched for emotion-related neuronal activity in other frequency bands. Four neurons were related to arousal and no neurons were related to valence in the beta band, but their numbers were insignificant (P = 0.98, binomial test). In the gamma band, seven neurons were related to arousal and no neurons were related to valence, again not significant (P = 0.81, binomial test). No overlaps of beta and gamma emotion-related neurons with alpha emotion-related neurons were observed.
To support the specificity of emotion-related neurons located in the STN, we analyzed the activity of 32 other eye movementunrelated neurons in other basal ganglia, including 18 neurons from the substantia nigra pars reticulata (recorded from patients 1, 3, 5, 6, 7, 11, 12, and 13; Table 2 ) and 14 neurons from the globus pallidus (Table S1 ). None of these neurons was related to individual valence or arousal ratings of the presented pictures.
Discussion
Using perioperative microrecordings from the STN of patients with PD, we analyzed changes in the firing patterns of single neurons in relationship to visually presented emotional material, and found a relatively large proportion of neurons with activity related to emotional and early perceptual processing. In addition, we showed how easy it is to transform the single-neuron action potentials to a pseudocontinuous signal to perform spectral analysis typical for conventional electroencephalography. Using this approach, we documented the impact of a visual emotional task on single-neuron activity in the alpha band similar to those previously shown with LFPs (7, 28) .
Affective Neurons in the STN. In this study, 17% of the STN neurons analyzed for activity in the alpha band responded to emotional stimuli. Different neurons responded to changes in emotional valence or in arousal ratings. Figs. S2 and S3 support this finding visually by showing that the valence-related neurons were mostly uncorrelated with arousal and vice versa. As for the character of changes in neuronal activity, both increases and decreases were observed in both populations of neurons, suggesting a further level of specialization within each emotional dimension. There is a large body of evidence suggesting that behavioral responses to emotional valence and arousal are mediated by different brain circuits. The independence of valence Patients' ratings represent subjective ratings assessed at 1 mo after bilateral insertion of the permanent electrode into the STN after overnight withdrawal of levodopa in the DBS-off condition. Normative ratings are those available from the IAPS (80). Fig. 1 . Relationship of the single-neuron alpha band activity during emotional picture presentation (in the interval of 500-2,000 ms after picture onset) to individual valence ratings of the presented pictures in six neurons of the STN in patients with PD, in which the relationship was significant (as identified by linear models; Experimental Procedures). In none of these neurons was the activity related to individual arousal ratings (Fig. S2 ). The horizontal axis shows the individual ratings of the pictures' valence, varying from 1 (unpleasant) to 9 (pleasant). The vertical axis shows the alpha band neuronal activity adjusted for the past activity (Experimental Procedures). For visualization purposes, correlation coefficients and their significance are included.
and arousal has already been demonstrated for a variety of physiological reactions (21, 38, 39) and in affect-related cognitive processing (40) . Functional imaging and animal studies also have demonstrated their functional segregation, with several brain regions associated with affective valence (eg, orbitofrontal cortex, mesolimbic dopamine system) and others associated with affective arousal (eg, amygdala, mesencephalic reticular activating system) (41-45); however, there is also evidence indicating that the two emotional dimensions are not fully independent (46) , and that some subcortical regions may code the overall emotional value of a stimulus (47) .
The neuronal activity in the STN that we observed in the late window (500-2,000 ms) may reflect the formation of conceptual knowledge related to emotional valence and arousal, because this is in line with the late neuronal response (625-1,500 ms) related to different valences of stimuli already described in the amygdala (18) . We may speculate that the information represented in ratings of emotional valence and arousal in the late time window depends on processes involving the orbitofrontal and ventromedial prefrontal cortex, which provide significant input to the STN and play a major role in stimulus subjective valuation, representation of hedonic pleasure and value-based decision making (48) (49) (50) (51) . In addition, the previous passage of emotional information from the ventral basal ganglia involving input from the amygdala to the dorsal basal ganglia, including the dorsal portion of the STN, also may be a reason for late emotional activity (52, 53) .
As expected, we did not find a statistically sufficient number of neurons responding to the emotional valence and arousal in the beta and gamma frequency bands. This corresponds with the negative results of previous LFP studies (7, 29) and further corroborates the functional specialization of different frequencies within the STN. In addition, we found no neurons responding to emotional content in the globus pallidus or substantia nigra pars reticulata, suggesting that the finding of affective neurons is specific to the STN, explained by its central position in the corticobasal ganglia circuit (54-57) and its connections to both the cortical and the subcortical components of the reward and limbic circuits (53, (58) (59) (60) (61) (62) (63) .
Despite the previously suggested emotional network asymmetry of both hemispheres (64, 65) , the roles of the right and left STN in affective processes are unclear (66, 67) . We did not detect any interhemispheric difference in proportion of the emotion-related neurons between the left and right STN; however, this result could have been affected by the limited number of recordings obtained from the right STN.
Localization of Affective Neurons Within the STN. A once widely held assumption is that the STN is divided into three functional zones within the STN: limbic, associative, and sensorimotor regions, residing in the anteromedial, middle, and dorsolateral portions, respectively, of the STN (58, 68, 69) . This concept has been challenged by several recent electrophysiologic, neuroanatomic, and neuroimaging studies showing incomplete separation of the subthalamic territories (56, 63, 70, 71) . Therefore, it is not surprising that the affective neurons were found in the sensorimotor regions, suggesting that motor and nonmotor regions overlap in the STN. In addition, the affective neurons were distributed differently, with the valence-related neurons located more posteriorly and the arousal-related neurons located more anteriorly, supporting the idea that emotional processing is spatially segregated within the STN (Fig. 3) . In this study, however, because we were limited by the parkinsonism-improving implantation procedure, the microrecording was restricted predominantly to the lateral portion of the STN; therefore, we cannot rule out the presence or different spatial distribution of affective neurons in the medial part of the STN (Fig. 3) .
Perceptual Neurons in the STN. Fourteen percent of the subthalamic neurons responded in the alpha band firing activity during the early time window (0-500 ms), suggesting their connection with perceptual processing. Neuronal short-latency activity changes related to visual perception have already been found in animal STNs (72) (73) (74) , and have been confirmed in humans by distortion of visual evoked potentials due to STN DBS (75) . The difference in neural activity between the fixation and picture viewing periods is not necessarily evidence of visual processing, however; it also may reflect other processes, such as an engagement of selective attention, a shift from gaze fixation to scanning eye movements, or other cognitive functions intervening between vision and action, including memory involvement, target selection, Fig. 2 . Relationship of the single-neuron alpha band activity during emotional picture presentation (in the interval of 500-2,000 ms after picture onset) to individual arousal ratings of the presented pictures in nine neurons of the STN in patients with PD, in which the dependency was significant (as identified by linear models; Experimental Procedures). In none of these neurons was the activity related to individual valence ratings (Fig. S3 ). The horizontal axis shows the individual ratings of the pictures' arousal, varying from 1 (low) to 9 (high). The vertical axis shows the alpha band neuronal activity adjusted for the past activity and picture categories (Experimental Procedures). For visualization purposes, correlation coefficients and their significances are included. (Fig. S4) . The valence-related neurons were located more posteriorly compared with the arousal-related neurons.
saccade choice, and content valuation (76) . On the other hand, the neuronal activity in the early time window also could be affected by early emotional and motivational activity.
The STN is anatomically connected to subcortical centers that contain visually responsive neurons (i.e., superior colliculus, pulvinar, amygdala, substantia innominate, and nucleus accumbens) involved in the visual encoding of emotional stimuli (73, 77) . Given that the visual, attentional, and emotional systems are intensively interconnected, some proportion of the affective neurons also might be expect to respond in the early time window; however, here only one of the neurons was activated during both the early and late time windows. Therefore, we can speculate that distinct populations of neurons are involved at different stages of processing of the visual emotional material within the dorsolateral part of the STN.
Limitations. Several factors could affect our results and reduce the inferences that can be drawn with regards to the physiology of emotional processing and the role of the STN in the limbic circuits. One such factor is that the study was conducted with PD patients, who are known to have a widespread central nervous system pathology (78) and to experience problems in emotional processing (79) , and thus the number of neurons responding to emotional stimuli in the STN might be different from that in healthy subjects. Their number is rather low, but nonetheless is comparable to that reported in previous relevant single-neuron studies on emotion in humans (15, 18) . Another factor that might have contributed to the relatively low number of neurons is that the study was limited to the routine trajectory of intraoperative microrecording exploration targeting the lateral sensorimotor part of the STN, which has shown less reactivity to emotional stimuli than the ventromedial part (67) . Moreover, emotional pictures were selected according to normative ratings that were acquired in a healthy, younger population with a different cultural background and were partially heterogeneous with respect to visual and emotional content. Finally, some our PD patients rated the stimuli less variable along the dimensions of emotional valence and arousal, making the mathematical model less sensitive (80) .
Conclusion
Early-perceptual and late-emotional single-neuron activity in the human STN corroborates the STN's participation in nonmotor circuits. The STN was previously shown to participate in different components of emotional processing, including emotion recognition and subjective feelings (4, 54) . We confirm the importance of the STN as a hub within the limbic circuitry involved in both emotional valence and arousal processing as in two functionally and spatially segregated systems. This, together with our finding of several neurons involved separately in perceptual and emotional processing, support the complex role of the STN. Our results thus extend our knowledge of the STN's role in limbic circuits and contribute to a better understanding of the affective disturbances seen in PD patients treated with subthalamic stimulation.
Experimental Procedures
Subjects. Thirteen PD patients (11 men, 2 women; mean age, 55.5 ± 8.7 y; age range, 42-69 y) undergoing bilateral electrode implantation for the STN DBS due to motor fluctuations and/or disabling dyskinesias were enrolled. The subjects had mean duration of PD of 14.2 ± 5.6 y (range, 9-30 y) and a mean motor score on the Unified Parkinson's Disease Rating Scale (UPDRS-III) in the off-medication condition of 38.7 ± 11.4 (range, 18-65) ( Table 2 ). We also included another four patients undergoing bilateral electrode implantation for the globus pallidus interna DBS due to PD (Table S1 ), to study neuronal activity outside of the STN. All patients met the United Kingdom Brain Bank Criteria for diagnosis of PD. The study was approved by the Ethics Committee of the General University Hospital in Prague, Czech Republic, and all patients provided written informed consent for participation in the study.
Four days before surgery, dopamine agonists were substituted with equivalent doses of levodopa. All other anti-PD medications (e.g., amantadine, anticholinergics) had been suspended earlier during the preparation for surgery. Levodopa was withdrawn at least 12 h before the surgery. Five of the patients were receiving antidepressant therapy (1 on mianserin, 4 on citalopram), which was not discontinued. Patients with dementia and/or depression had been excluded by a routine psychiatric examination and neuropsychological testing (e.g., mini-mental state examination, Mattis dementia rating scale, Beck depression inventory).
Affective Task. Emotionally charged pictures of three categories were selected from the International Affective Picture System (IAPS) (80) . The "pleasant" category included pictures with erotic themes (e.g., people, romantic couples) and adventure (e.g., exotic landscapes, animals, sports); the "unpleasant" category included pictures of victims (e.g., mutilations) and threats (e.g., human or animal attacks, aimed guns); and the "neutral" category comprised pictures of household objects, buildings, plants, and neutral faces, and scenes. Out of 144 unique pictures, six different variants of the task, each containing 24 pictures, were compiled involving 8 pictures from each category. Pleasant and unpleasant pictures were selected in a way such that they represented emotional stimuli scaled from weak to strong according to normative emotional valence and arousal. In addition, the pictures were organized pseudorandomly, so that no more than two pictures from one category followed in sequence. Each picture was presented for 2 s, preceded by a black screen with a white cross in the center for various durations (3,500-5,500 ms). Patients were instructed to fix their eyes on the cross on the black screen and to simply watch the pictures presented and remain motionless until the end of the task.
Surgery and Intraoperative Microrecording. DBS electrodes (model 3389; Medtronic) were implanted bilaterally under local anesthesia, guided by stereotactic magnetic resonance, microelectrode recordings (MERs), and macroelectrode intraoperative stimulation as described elsewhere (81, 82) . Presurgical planning was done with the SurgiPlan software system (Elekta) and was based on coregistration of preoperative frameless 3.0-T MRI using T1-weighted images (MP-RAGE sequence; 160 sagittal slices, 1.0 mm thick, with x-y resolution 1 × 1 mm; TR, 2,300 ms; TE, 4.4 ms; FA, 10 degrees) and T2-weighted images (28 axial slices and 21 coronal slices, 2 mm thick, with x-y resolution 0.9 × 0.9 mm; TR, 2,430 ms; TE, 80 ms) with preoperative frame-based 1.5-T T1-weighted images (MP-RAGE sequence; 160 sagittal slices, 1.25 mm thick, with x-y resolution 1 × 1 mm; TR, 2,500 ms; TE, 3.1 ms; FA, 45 degrees) obtained immediately before the surgical procedure with the stereotactic Leksell frame attached. Age refers to age on the day of surgery; DD, PD duration; preoperative levodopa, dose/day in mg, including levodopa-equivalent dosage of dopamine agonist (patient 4 was also treated with mianserin, and patients 6, 7, 12, and 13 were also treated with citalopram); UPDRS-III, motor score of the Unified Parkinson´s Disease Rating Scale in the off-medication condition; neurons, number of subthalamic neurons unrelated to eye movements; emotion-related neurons, number of neurons responding to emotional stimuli.
The central trajectory of the exploratory microelectrode was aimed at the STN center near the anterior part of the red nucleus. Extracellular singleneuron activity was mapped by the MER using parallel insertion of five tungsten microelectrodes spaced 2 mm apart in a "Ben-gun" configuration to select sites for macroelectrode intraoperative stimulation. The five parallel microelectrodes were advanced simultaneously with a motor microdrive in 0.5-mm steps, beginning at 10 mm above the target. Depending on the length of STN-positive signals, the MERs were extended ∼2-3 mm beyond the STN. Four out of five channels of the Leadpoint recording system (Medtronic) were used for the MERs, filtered with a 500-Hz high-pass filter and a 5-kHz low-pass filter, sampled at 24 kHz, and stored for off-line processing. Single-channel electrooculography was performed for analysis of eye movement-related neuronal activity (83) .
In up to six regions with an easily classifiable neuronal pattern specific for STN, the neuronal activity was recorded during the affective task presentation with a unique variant of affective pictures in each position. The number of positions depended on the time course of the surgery and on the patient's preference, clinical condition, and compliance. Patients were observed during the affective task, and if there appeared to be any distracting discomfort or sleepiness during surgery, then the experiment was abbreviated or not performed. The affective task was presented on a 17″ computer screen placed approximately 55 cm in front of the patient's eyes, with the patient laying motionless in the supine position, as is customary for this surgical procedure. The MER signals were acquired in 2-s epoch intervals recorded during both the picture presentation (PIC epoch) and the black screen presentation (FIX epoch), producing a sequence of 48 MER epochs (FIX 1 , PIC 1 , ..., FIX 24 , PIC 24 ) for a total duration of 96 s.
Rating of Emotional Valence and Arousal. A subjective rating of the emotional content of the pictures was not elicited during the surgery, to avoid possible contamination of neuronal activity by voluntary movements during the rating process. Emotional valence and arousal ratings for each picture in the task were assessed before the initiation of chronic DBS at 4-5 wk after implantation, with a sufficient delay after surgery to allow cessation of any transitory microlesion effect related to penetration of the DBS electrode (84) . No patient had any change in medication regimen after the surgery. Patients were assessed under similar conditions as during surgery in the offstimulation and off-medication states (after withdrawal of dopaminergic treatment for at least 12 h).
Each picture was presented on a touch-sensitive screen for a 6-s period. The patients were instructed to look at each picture and to rate it along the dimensions of emotional valence and arousal by self-paced touching of appropriate symbols on two independent visual scales presented on-screen after picture offset. The scales were designed according to the original IAPS scales. Valence was rated on a scale of 1-9, with 9 representing the most pleasant stimulus, and arousal was also rated on a scale of 1-9, with 9 the most arousing stimulus.
Data Analysis. WaveClus (85) , an unsupervised spike detection and sorting tool that has performed reasonably well on single-channel MERs (86) , was used to extract the series of action potentials of single neurons from MER signals. Neurons related to eye movements were excluded from further analysis (83) . For other neurons, the alpha band activity expressing the magnitude of 8-12 Hz periodic increases and decreases in the intensity of neuronal firing was computed as described below. The number of action potentials in 5-ms segments was calculated and concatenated to form a discrete signal representing the instantaneous intensity of firing. The signal was standardized to zero mean, and fast Fourier transform was carried out, applying a Hann window of length 100 with 75% overlap. The alpha band (8-12 Hz) spectral component of the signal was then extracted (Fig. S1 ), and alpha band activity was defined as the mean power of the alpha band spectral component, subjected to the square root transform to stabilize variance.
To detect neurons with emotion-related activity, we built linear models of the alpha band activity obtained during PIC epochs in the 500-2,000 ms interval after picture onset. To find valence-related neurons, we built a model of the alpha band activity during PIC epochs for each neuron using three covariates: (i) valence ratings, (ii) alpha band activity in the previous FIX epoch, and (iii) alpha band activity in the previous PIC epoch. The latter two covariates were included to adjust for past activity, given that a strong serial correlation was present in alpha band activity (SI Experimental Procedures and Fig. S5 ).
To find arousal-related neurons, we created another model of alpha band activity during PIC epochs for each neuron using five covariates: (i) arousal rating, (ii) alpha band activity in the previous FIX epoch, (iii) alpha band activity in the previous PIC epoch, and (iv and v) two categorical covariates adjusting for the picture category (positive vs. neutral, negative vs. neutral). We hypothesized that pictures of the same arousal but of distinct categories could provoke activities of different intensity. A neuron was considered to be related to valence (arousal) if the valence (arousal) covariate in the respective model was significant. Interhemispheric differences in the number of neurons were tested using the χ 2 test of proportions.
To detect neurons sensitive to visual stimuli, we analyzed differences in the alpha band activity between the FIX epoch and the 0-500 ms interval of the following PIC epoch using the paired t test.
Each neuron was finally mapped into reference STN space by assessing the position of the neuron within the patient's STN and then aligning each STN with the model (30) . To assess the position of a neuron within the STN, the preoperative STN-delineating frame-based MRI used for presurgical planning was coregistered with a frameless postoperative MRI displaying the position of the permanent electrode being in a known position relative to the microelectrode used for the MERs. To align each STN with the model, 12 points anatomically delineating the STN and the anterior and posterior commissures were identified in both the model and the preoperative T2-weighted MRI, and then fitted to one another by a linear transform (SI Experimental Procedures and Tables S2 and S3). A permutation test was used to assess the difference in the relative location of valence-related and arousalrelated neurons.
Data processing and analyses were performed with MATLAB R2007b (MathWorks) and R statistical software (87) .
